Cooperativity in oligonucleotide-directed sequence-specific recognition of DNA by triple helix formation can be enhanced by the addition of discrete dimerization domains. The equilibrium association constants for cooperative binding of oligonucleotides that dimerize by Watson-Crick hydrogen bonds and occupy adjacent sites on double helical DNA by triple helix formation have been measured by quantitative affinity cleavage titration. For two oligonucleotides that bind unique neighboring 11-bp and 15-bp sites on double helical DNA, and dimerize by formation of an 8-bp WatsonCrick mini-helix, the free energy of binding is -8.0 and -9.7 kcal mol'1, respectively, and the cooperative energy of interaction is -2.3 kcal mol-I (1 kcal = 4.18 kJ). The energetics of this artificial nucleic acid cooperative intermolecular assembly can mimic naturally occurring cooperative protein-DNA systems, such as the phage A repressor.
Cooperative binding by proteins to DNA results in higher sequence specificity as well as greater sensitivity to concentration changes (1, 2) . Oligodeoxyribonucleotide-directed triple helix formation is one of the most versatile methods for the sequence-specific recognition of double helical DNA (3, 4) . We recently reported the binding properties of oligonucleotides that dimerize by Watson-Crick hydrogen bonds and bind neighboring sites on double helical DNA by triple helix formation (5) . Our design for effecting cooperativity is a Y-shaped complex formed on double helical DNA by two oligonucleotides, each containing separate functional domains for binding and dimerization (5) . Each oligonucleotide possesses a pyrimidine recognition domain designed to bind a specific purine duplex target site through the formation of Hoogsteen hydrogen bonds (TAT and CGC triplets) (6) (7) (8) . Additionally, each oligonucleotide possesses dimerization domains of mixed sequence composition to allow formation of a Watson-Crick mini-helix. The recognition and dimerization domains of each oligonucleotide are connected by a linker base introduced for the purpose of providing conformational flexibility at thejunction between triplex and duplex DNA. On the basis of model building studies, the neighboring purine binding sites were separated by 2 bp in order to accommodate a junction in the Y-shaped complex (5) .
We report here the energetics of cooperative binding of oligodeoxyribonucleotides that dimerize by formation of an 8-bp mini-helix of Watson-Crick hydrogen bonds and bind to distinct and unique neighboring 11-bp and 15-bp sites on double helical DNA by triple helix formation (Fig. 1) (6) . The phosphoramidite of thymidine-EDTA (T*) was prepared according to published procedures (7) . Controlled pore glass derivatized with T* was prepared as described by Strobel (8 suspension was filtered through a 0.45-,um filter, and the eluted DNA present in the supernatant was precipitated with NaOAc/EtOH. The DNA pellet was washed once with 70o EtOH, dried in vacuo, resuspended in TE buffer (10 mM Tris, pH 8.0/1.0 mM EDTA), extracted five times with phenol, extracted twice with 24:1 CHC13/isoamyl alcohol, and reprecipitated with NaOAc/EtOH. The DNA pellet was washed with 70%6 EtOH, dried in vacuo, resuspended in 25 mM Tris-acetate/100 mM NaCI, pH 7.0, at a final activity of 100,000 cpm/1., and stored at -200C.
Quantitative Affinity Cleavage Titrations. In a typical experiment, a 5 nmol aliquot of the desired oligonucleotide-EDTA was dissolved in 50 Ml of aqueous 200 ,M Fe(NH4)2(SO4)2h6H20 to produce a solution that was 100 ,M in oligonucleotide. This solution was then diluted serially to yield 100 MM, 10 MM, 1 MM, 100 nM, 10 nM, and 1 nM solutions, and the appropriate volume of these solutions was then distributed among eighteen 1.5-ml microcentrifuge tubes to afford the appropriate concentration range. A stock solution, containing labeled target DNA, Tris-acetate buffer, NaCl, calf thymus DNA, the second oligonucleotide where needed, and water, was distributed to each reaction tube in 12-MlI aliquots, and the appropriate volume of water and 4 ILI of 10 mM spermine were added to each tube to bring the total volume to 36 Ml. The oligonucleotide-EDTA Fe(II) and the DNA were allowed to equilibrate for 24 hr at 240C. The cleavage reactions were initiated by the addition of 4Ml of a 40 MM aqueous dithiothreitol solution to each tube. Final reaction conditions in 40 Ml of association buffer were 25 mM TrisOAc at pH 7.0, 10 mM NaCI, 1 mM spermine, 100MM bp calf thymus DNA, 4 mM dithiothreitol, and -10,000 cpm of labeled DNA. The reaction mixtures were incubated for 6 hr at 240C. Cleavage reactions were terminated by NaOAc/ EtOH precipitation and the reaction tubes were then stored at -200C for 30 min before centrifugation. The DNA cleavage products were washed with 70% aqueous EtOH, dissolved in 50 Ml of water, and dried in vacuo. The DNA was then resuspended in 10 Ml of formamide/TBE loading buffer, heated at 550C for 10 min to effect dissolution, and transferred to a new tube. The Cerenkov radioactivity of the solutions was then measured with a scintillation counter, followed by dilution to the same cpm/Ml with more formamide/TBE buffer. The DNA was denatured at 950C for 3 min, and 5 Ml from each sample was loaded onto an 8% denaturing polyacrylamide gel.
Quantitation. Gels were exposed to photostimulable storage phosphor imaging plates (Kodak storage phosphor screen S0230 obtained from Molecular Dynamics, Sunnyvale, CA) in the dark at 240C for 5-12 hr. A Molecular Dynamics 400S PhosphorImager was used to obtain data from the phosphorimaging screens. Rectangles of the same dimensions were drawn around the cleavage bands at the target and at the reference sites. The ImageQuant v. 3.0 program running on an AST Premium 386/33 computer was used to integrate the volume of each rectangle.
Affinity Cleavage Titration Fitting Procedure. A detailed description of the affinity cleavage titration procedure used has been published (9, 10). The relative cleavage efficiencies at the target site for each oligonucleotide concentration were determined by using the fQllowing equation: Isite = Itot -AIref, [1] where Itot and Irf are the intensities of the cleavage bands at the target site and at the reference site, respectively, and where A is a scaling parameter defined as the ratio Itot RESULTS AND DISCUSSION Affinity Cleavage Reactions. Oligonucleotides 1 and 2 w allowed to equilibrate with an 852-bp 3'-32P-end-labeled plex DNA fragment at 240C, pH 7.0 for 24 hr, followed addition of dithiothreitol to initiate cleavage. After 6 hr reactions were stopped by ethanol precipitation, and products were separated by denaturing polyacrylamide electrophoresis (Fig. 2) . The small amount of cleavage i reaction containing 1 at 100 nM concentration indicates 1 1 binds to the 11-bp target site weakly under these conditii (Fig. 2, lane 2) . In the presence of 1.0 ,uM concentration oligonucleotide 2, a dramatic increase in cleavage is obser for the reaction of 1 Equilibrium Association Constants. To measure the magnitude of cooperativity, quantitative affinity cleavage titrations were performed over an extensive concentration range (9, 10) (Figs. 3 and 4) The increase in cleavage at low concentrations of 1 alone and in the presence of 2 at 1 uM concentration illustrates the cooperative effect (Fig. 3) . Analysis of cleavage data yielded the binding isotherms and equilibrium association constants of 7.7 (± 1.6) x 105 M-1 (K1) for 1 binding alone and 3.4 (±0.7)
x 107 M-1 (K1,2) for 1 in the presence of 1.0 ,uM 2 (Fig. 4) .
This indicates that the free energy of binding (AG) at the 11-bp site for oligonucleotide 1 in the absence and presence of oligonucleotide 2 is -8.0 (±0.1) and -10.2 (±0.2) kcal mol-1, respectively (1 kcal = 4.18 kJ) ( Table 1) . From this we can estimate that the minimum free energy of interaction (AG1,2-AG,) is -2.2 kcal'mol-1. A more formal model which relates these experimental data to the cooperative interaction energy between 1 and 2 is described below.
Heterodimeric Cooperative Systems. A heterodimeric cooperative system is one in which two different ligands, LA and LB, bind uniquely to two distinct sites and each ligand perturbs the binding equilibrium at the noncognate site. Hill (1) has derived a grand partition function for such a system: [3] where KA and KB are equilibrium association constants for (Fig. 5) . To calculate the concentration of 1-2 dimer in the absence of the binding sites, the method of Breslauer and co-workers (14) was used to estimate AG for association of the 8-base dimerization domains of 1 (5'-CGATTGAC) and 2 (5'-GTCAATCG). This value of AG was corrected for the difference in ionic strength between the Breslauer conditions and those employed here using the thermodynamic relationship 1/tm = [AS + Rln(CT/4)]/AH (15) and the empirical function tril2 -tmi = 18.5 log(Ju2/40) (16) [5] 8-bp mini-helix of Watson-Crick base pairs. This putative Y-shaped nucleic acid structure is reminiscent of the Y-shaped leucine zipperbasic region dimeric, sequence-specific proteins important in transcription (12, 13) .
in the concentration range of 1 nM to 1 ,M, <2% of 1 is present as 1-2 dimer.
The second required assumption is that LA does not bind to site B and LB does not bind to site A. vidual site binding free energies for the phage A system range from -10.1 to -11.7 kcal mol-1 and are similar to those from the heterodimeric triple helix system (-8.0 to -9.7 kcal-mol['). The cooperative interaction energies for the oligonucleotides (-2.3 kcal mol-1) and A repressor (-1.9 to -2.0 kcal mol-1) are also comparable. Thus, we have designed an artificial, nucleic acid-based cooperative system that mimics the energetics of protein-DNA interactions.
ImpLications. An important feature of the artificial system described here is that the functional domain structures are modular (Fig. 5) . The individual site binding and cooperative interaction energies can be varied independently by changing the length of the recognition and/or dimerization domains. This is in contrast to natural protein complexes where recognition and cooperativity elements are less easily separated. Moreover, because the dimerization domain in the artificial system is a Watson-Crick double helix, the stability of the nucleic acid dimerization domain can be enhanced by known sequence-specific DNA binding ligands (19) . This could form the basis for small molecule-promoted control of oligonucleotides binding cooperatively to DNA analogous to naturally occurring inducible protein systems.
